INTRODUCTION Hemoglobin C was discovered by Itano and Neel (1) in an individual heterozygous for Hb, S, and the first cases of homozygous Hb C were described a few years later by Spaet et al. (2) and Levin et al. (3).
samples from a splenectomized CC patient with those from three intact CC patients, we have demonstrated the presence of a distinct crystal-containing band of cells that is present in the former, but totally absent from the latter. We conclude that Hb CC cells containing crystals circulate in Hb CC individuials, but in intact patieints they are effectively removed by the spleen. By use of 31P nuiclear miagnetic resonlance and viscosity measurements on cells, we have (lemonstrated that intracellular aggregation of hemoglobin C occurs on deoxygenation even when no crystal formation is detectable by morphological methods. These two observations are in apparent contradiction with the absence of clinical microcirculatory impairment found in both intact and splenectomized CC patients. The contradiction was resolved by rheological studies on isolated rat mesoappendix preparations and erythrocyte diameter measurements that lead to the conclusion that the hemorheological properties of CC cells in the microcirculation are nearly normal because their increased viscosity is offset by their smaller diameter and size.
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Understanding of the pathophysiology of Hb CC disease was advanced by the classical observations of Charache et al. (4) and by the work of Murphy (5) and Lessin et al. (6) . Nevertheless, several issues remnain unresolved.
One pending question is the presence or absence of Hb C crystals in circulating cells. Since the earliest descriptions of cases of Hb CC disease, intracellular crystals, lhave been detected in wet preparations of saline suspended cells, in dry and stained smears and, very readily, in 3% NaCl suspensions of erythrocytes (6) (7) (8) . Of course, none of these observations answers the quiestion posed, as varying degrees of in vitro erythrocytes shrinkage either were undoubtedly present or cannot be conclusively excluded. We will report here our studies on native whole blood of a splenectomized Hb CC patient in order to resolve this question.
The next outstanding question pertains to the detection of intracellular aggregation of Hb C (before crystals can be observed). No knowledge exists of its occurrence in cells, or of the time scale of this process, nor of its ligand dependancy. The lack of information is due to the absence of appropriate methodology. We have previously used 31P nuclear magnetic resonance, (NMR)' line broadening (T2 effects) to study hemoglobin S polymerization (9) and will report here the application of the same technique to the observation of Hb C aggregation.
Finally, there is the apparent contradiction between the benign clinical course of the disease and the abnormal viscous properties exhibited by Hb CC erythrocytes. These erythrocytes have been found to be less filterable (4) and to exhibit equally elevated viscosity in both the oxy-and deoxygenated states as compared to Hb AA cells (5, 10, 11) . In a previous publication (11), we described the use of the perfused rat mesoappendix to study flow properties of abnormal erythrocytes. In this publication, we present data on the effect of splenectomy and deoxygenation on hemodynamics and rheology of Hb CC cells.
METHODS
Blood samples, characterization, and morphological studies. Samples of heparanized blood were obtained by venipuncture or finger stick from four Hb CC homozygote patients after informed consent was received. One of these patients had undergone splenectomy 10 40 .48 MHz was used for these measurements. T, was measured using a 180'-r-90'-AQT pulse sequence. T2 was measured using 900-T-180'-T-AQT. The nuclear Overhauser effect was measured using gated decoupling and delay times as described by Opella et al. (13) . All other spectra were collected with continuous broad band proton decoupling. Samples were contained in 10- mm tubes with a Wilmad coaxial inner tube (Wilmad Glass Co., Inc., Buena, N. J.) that contained D20 for a lock and 5 mM D3PO4 in 0.1 M D2SO4 as a reference. It is necessary to isolate the D20 for the lock from the hemoglobin solutions, since aggregation might result in a dramatic increase in the D20 linewidth. The concentric tubes also provide an oxygentight seal that is effective for several days. All measurements were made at 250C.
Viscometry. Viscosity measuremenits were made at 37°C on oxygenated and deoxygencated blood at a hematocrit of30%. A Wells-Brookfield micro cone-plate viscometer (model LVT, Brookfield Engineering Laboratories, Inc., Stoughton, Mass.) was used. Calibration of cone and cup was done frequently using a silicone oil standard (viscosity-5 centipoise). Each time 1.10 ml of sample was pipetted into the center of'the cUp anld viscosity measurements were taken in duplicate at shear rates ranging from 5.75 to 230 s-'. Durinig the study of'deoxygenated blood samples, the cone-plate chamber was gassed with N2 via the gas inlet. Samples taken before and after viscometric measurements showed <2% change in oxygen satturationi.
Hemodynamic studies. These studies were performed in an isolated, acutely-deniervated, artificially perfusecd rat mesoappendix vasculature (14) . In anesthetized (pentabarbital sodium 30 mg/kg) rats of the Wistar strain, 120-150 g, the right ileo-colic artery and vein were cannulated. After the cecum and terminal ileum (each 3 cnm long) were ligated and hemostasis of all other vascular connections to the organ was achieved, the tissue was isolated, and perfuised with rmammalian Ringer's solution containing 1.5% bovine albumin at pH 7.4 and 37+0.5°C, and gassed with 95% -5% CO2 or N2.
The isolated tissue, covered by a lucite capsule, was also continuously suffused with Ringer's solution (containing 1.0% gelatin) of the same pH and temperature. Arterial perfusion (Ppa) and venous outflow pressures (Pv) were kept constant at 80 and 3.9 mm Hg, respectively. The venous outflow (Fv) rate was monitored using an electric dropcouniiter and expressed in milliliters per minute. A lapse of 10-12 min was allowed f'or tissue equilibration and stabilization of Fv. Only preparationis exhibiting mesoappenidix microvasculature free of blood cells and with a steady Fv of2.8+0.5 mI/min (mean and SD) were used. After control measurements of Ppa and Fv, oxygenated or deoxygenated blood samples (0.2 ml, vol) of 30% hematocrit were gently delivered via anl injection port, 15 cm distal to site of arterial canniulationi, and the changes in Ppa and Fv were recorded on the strip chart of a Grass polygraph (Grass Instrument Co., Quincv, NMass.) Each nmesoappendix and tissue vasculature preparation was sufficient for the evaluation of four to five samples. However, routinely, administration of an Hb CC blood sample was preceded or followed by the same volume of Hb AA of matched hematocrit at intervals of 8-10 min. When deoxy conditions were used, the 02 saturation of erythrocytes before and after passage through the microvasculature was determined and showed a change of <10%. The tissue preparations were perfused for 30-45 min prior to these experiments with Ringer's solution that had been deoxygenated by bubbling nitrogeni through it. At the end of each experiment the entire tissue preparation (free of cannulas and lumtinal content) was weighed. Peripheral resistance units (PRU) were calcuIlated as previously described (15) . In addition, all Hb CC patients (splenectomized and intact) exhibited reticulocytes that were denser than normal reticulocytes (Fig.  2 ). Reticulocytes were identified by methylene blue staining and constituted -35% of the band designated "retics" in Fig. 2. (c) Comparison of the density gradient pattern of a splenectomized AA patient to intact AA controls showed no difference within the normal (small) range of variation found for AA subjects. No evidence of very dense cells was fouind.
Intracellularaggregation ofHb C byP-31 NMR. The effect of deoxygenation on the P-31 NMR spectrum of erythrocytes from patients homozygous for hemoglobin C is shown in Fig. 4 . At low oxygen tensions, a distinctive pattern of the two narrow lines of 2,3-diphosphoglycerate (DPG) (one from each phosphorus) are superimposed on a broader line or lines. The small narrow line to the left of the 2,3-DPG lines is due to inorganic phosphate (these spectra are reversed right to left due to use of a crystal filter). The line to the right of the 2,3-DPG lines is the result of sugar phosphates, which vary in concentration from subject to subject. Fresh erythrocytes (RBC) do not have NMR detectable levels of inorganic phosphate, so the presence of this signal indicates that some degradation of phosphorylated compounds has occurred.
We have measured the nuclear Overhauser effect (NOE) and T, and T2 relaxation of both the broad and narrow components of the 2,3-DPG spectrum in partially deoxygenated CC cell samples. The NOE is an enhancement of the P-31 signal intensity that occurs 1286 Fabry, Kaul, Raventos, Baez, Rieder, and Nagel when continuous broad band proton decoupling is used to simplify the spectra. We find that both components have a T, of -2 s. This is comparable to the 2,3-DPG T, value found by Gupta in normal human RBC (17) . A 10% enhancement was detected for the narrow component when the NOE was measured. The broad component showed no appreciable enhancement. The relative amount of aggregated Hb C can be over-or underestimated if either the T, or the NOE of the broad and narrow components are appreciably different. When T2 was measured, we found that the broad component had a T2 in the range of 3 to 5 ms, which is compatible with the estimated linewidth. Fig. 4 shows the effects of partial deoxygenation on whole blood samples obtained from a normal AA control (A); an AA control in hypertonic media where the MCHC matched that of CC patients (B); and two homozygous CC patients (C and D). Patient C has been splenectomized and A, B, and D have not. The biphasic pattern of narrow peaks superimposed on a broad resonance observed for the CC patients is not found until relatively low oxygen tensions are reached. T2 studies indicate that relaxation must be characterized by two or more relaxation times. This implies that 2,3-DPG is found in two environments and that the broad signal comes from P-31 in an environment characterized by slow molecular motion. The area under the curves is conserved irrespective of the assumptions made about linewidths or the ratio of broad and narrow components. This implies that all of the 2,3-DPG can be detected and that deoxygenation does not result in the loss of the P-31 signal. Curve-fitting experiments indicate that two relaxation times (T2) are both necessary and sufficient to characterize the data. The width of the broad component can be estimated from T2 and curve-fitting, we find that a linewidth of 80 Hz is consistent with the available data. The narrow component can be estimated from curve-fitting experiments to be 12 Hz.
The broadening of the 2,3-DPG phosphate peaks observed when AA cells are deoxygenated is quite modest in comparison and could be described by a single T2 in all cases even after the MCHC was elevated to equal that characteristic of CC cells.
It is clear from Fig. 4 that the aggregated component is more abundant in RBC from the splenectomized patient, at each deoxy hemoglobin concentration.
Viscosity of Hb CC cells and its ligand dependency. Hemodynamic studies. considerably higher PRU percent increase and also an increase in pressure-flow recovery time when compared to changes resulting from the administration of Hb CC RBC from the nonsplenectomized individual. Diameters of RBC. Table II gives the mean diameter (micrometers) of Hb AA, Hb CC (intact), and Hb CC (splex) RBC in whole blood and in the top and bottom density gradient fractions. In the whole blood samples, the mean diameter ofboth Hb CC (intact) and Hb CC (splex) RBC were significantly smaller than that of Hb AA cells. Comparison of the diameters of cells from the top fractions revealed a significantly larger mean diameter for Hb CC (splex) cells as compared to that of Hb CC (intact) cells, but no significant difference was noted between the diameters of Hb CC (both intact and splex) and Hb AA cells. Analysis of the diameters from the bottom fraction cell population revealed significantly smaller mean diameter for intact and splex Hb CC cells, but they were not much different from each other.
DISCUSSION
By examination of wet preparations of unperturbed fresh blood samples we have demonstrated that the splenectomized Hb CC patient has circulating crystalcontaining cells. These cells form a distinct band (Fig.  2 ) in isopycnic density gradients that is totally lacking from the other three homozygous Hb C patients. Furthermore, exhaustive microscopic examination of wet whole blood preparations from the intact patients failed to reveal microscopic crystals. We can surmise that intraerythrocytic Hb C crystal formation occurs in circulating RBC in patients with Hb CC disease, but they are efficiently removed from circulation by the screening function of the spleen.
Another interesting conclusion derived from the study of density gradients is that Hb CC cells are considerably denser than AA cells (Fig. 2) . This is in agreement with the well known increase in MCHC described in Hb CC cells (5, 11) . It is appropriate to note that RBC We have recently reported the use ofthe T2 relaxation of P-31 in 2,3-DPG to detect polymerization of hemoglobin S in intact cells (9) . The patterns observed upon deoxygenation of hemoglobin C samples are strongly reminiscent of those following deoxygenation of hemoglobin S containing RBC. Our results with Hb C show that following deoxygenation broadening of the 2,3-DPG NMR resonances is considerable and appears as a "hump" replacing or coexisting with the narrower double peaks characteristic of the two phosphates in 2,3-DPG (Fig. 4) . This observation is compatible with assigning the broad component of the spectra to aggregates of tetrameric deoxy-Hb C. Furthermore, cells of the splenectomized patient exhibit a larger proportion of aggregated material as a function of deoxy hemoglobin than those of the intact patients. But We now turn to the problem of the rheological properties of Hb CC RBC. Neither Murphy (5) nor Self (10) have found the viscosity of Hb CC cells to be liganddependant. We have confirmed the increased viscosity of Hb CC cells over a wide range of shear rates and in addition demonstrated that Hb CC cells from splenectomized individuals are more viscous than those from intact patients. This is in perfect agreement with the morphological presence of crystals and the NMR results demonstrating increased aggregation in these cells. Even more interesting, is the finding that Hb CC RBC from the splenectomized patient and to a lesser extent the cells of intact Hb CC patients become more viscous when deoxygenated. This increase in viscosity is significant even when compared with the very large effect seen with SS deoxy cells (Fig. 5 ). This clearly establishes the ligand dependancy of intracellular aggregation of Hb C and the fact that the deoxy or T conformer of Hb C facilitates the formation of aggregates. The lack of success of other authors (4, 5) in detecting this change is probably derived from the exclusive use of cells from intact patients in which viscosity changes are small.
The high viscosity of RBC from individuals with Hb CC genotype raises the question of their effect on hemodynamics. It is clear that the small pores of the spleen are formidable barriers for these cells and account for the lack of cells circulating with intracellular crystals and the reduction in the range of cell densities detected by the isopycnic gradients in the intact patients. But are these cells in any way onerous to the capillary circulation? We have examined this question with the use of an isolated and artificially perfused rat mesoappendix (Table I) . The results conclusively show that no abnormal effect on the microcirculation can be observed with Hb CC cells from intact patients in either the oxygenated or deoxygenated state. In addition, oxygenated RBC from Hb CC splenectomized patient behave quite normally in this physiological preparation. Interestingly, deoxygenated Hb CC RBC from the splenectomized patient have a small but significant effect on the microcirculation. A moderate increase in peripheral resistance and in the pressure flow recovery time were observed. This result is in agreement with the ligand dependancy of the viscosity of these cells and is in further agreement with the interpretation that deoxygenation increases intracellular aggregation. Crystal formation in solutions of Hb C was also found to be ligand dependant by Charache and co-workers (4).
The lack of abnormal effect of Hb CC cells (from intact patients) on the microcirculation is compatible with the benign clinical course of Hb CC disease even in splenectomized patients and the absence of vascular-occlusive crisis in these patients. Is this result compatible with the higher density of these cells? We have examined this question elsewhere using the perfused rat mesoappendix and comparing AA cells, CC cells of different densities (obtained from density gradients) and rat RBC which are smaller but have the same viscosity as AA cells (11) . Further data pertinent to this point is presented in Table II 
